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ABSTRACT

DEVELOPMENT OF BORON-ARSENIDE-BASED COMPOSITES AS
THERMAL INTERFACE MATERIALS FOR HIGH POWER
GENERATING ELECTRONICS MODULES
Vignesh Varadaraju, MS
Department of Mechanical Engineering
Northern Illinois University, 2017
Dr. Pradip Majumdar, Director
Thermal management is one of the most critical issues in electronics due to increasing
power densities. This problem is getting even worse for small and sophisticated devices due to
air gaps present between the heat source and heat sink; air gaps are thermal barriers to the heat
dissipation path. Thermal interface materials (TIM) are used to reduce the air gaps; TIM placed
in between heat source and heat sink significantly increases the heat transfer capability of the
system. The ability to work at large temperature cycling results in reduction of thermosmechanical reliability for the traditional TIMs. A high-thermal-performance, cost-effective and
reliable TIM would be needed to dissipate the generated heat, which could enable significant
reductions in weight, volume and cost of the thermal management system.
The objective of this research is to design advanced TIM by finding the composition of
boron arsenide as filler in polymer-nanostructured material which can outperform traditional
TIMs when it is used in high-heat fluxes applications including space and aero-space
applications. A three-dimensional computational analysis model is developed to evaluate boronarsenide-based TIM in terms of spreading heat and reduction junction temperature using an
insulated gate bipolar transistor (IGBT) power module in a forced-air convective environment.
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CHAPTER 1
INTRODUCTION
1.1 Motivation
The invention of high-speed electronics devices has been consistently increasing along with
the need for an efficient thermal management system to meet the demand for dissipating the high
heat flux losses and reduce the junction temperature to sustain operation. Air gaps that exist
between the heat source and heat sink increase the resistance to heat flow between them.
Excessive heat accumulated in electronics system reduces performance and causes wear and
premature failure of the system.
Space power electronics components have specifically called for the objective as to reduce
the thermal resistance between silicon carbide-based power module components and cold plates
by a sizable factor. In addition to the needed high conductivity, the space applications require
vacuum-compatible interface materials in order to reduce interface temperature gradients to
facilitate efficient heat removal.
Thermal interface material (TIM) is used to fill the air gaps to reduce the resistance between
the heat source and heat sink. The use of TIM in electronics devices, subject to localized high
heat flux at the interface of dissimilar material, reduces the net thermal resistance from the
conduction heat dissipation path from heat-generating modules to the heat source to the heat
sink. Apart from electronics devices, TIM is widely used in medical instruments, data centers,
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aerospace applications, LED appliances and other heat-generating devices. Improper selection of
TIM in terms of bond line thickness (BLT), melting point, reliability, material properties, etc.,
increases the interfacial thermal resistance and contact resistance. Conventional TIMs such as
wax, grease, thermal tapes, gels and pads face challenges to satisfy the above-mentioned
requirements due to decrease in size and increased speed, reliability of the new generation of
electronics and power modules systems.
Developing an efficient TIM in terms of cost and reliability would suffice for existing
problems associated with the thermal management system. The characteristics of an efficient
TIM are high thermal conductivity, low interfacial thermal resistance, low contact resistance,
low BLT, etc. Fractional change in the resistance value and thermal conductivity of TIM has
greater influence on the heat transfer rate between the heat source and heat sink.
There is rapidly increasing demand for thermally efficient power electronics systems and
therefore increasing demand for the development of advanced thermal interface (TIM) materials.
There has been interest in maturation of nanostructure-based materials like nanotubes, graphene,
diamond, boron arsenide technology and material systems. In that line the intent is to develop
more reliable thermal interface materials that are not only exhibit few order of magnitude
enhancement in effective thermal conductivity specially to meet the cross-plane effective thermal
conductivity enhancement of the order of 500% by meeting the goals of 20 to 25 W/m-K.
In recent years, NIU ME research team in collaboration with AMENG has proposed a
program and the planned test engineering work along with inputs and support from Lockheed’s
space program and UTAS Corporation to develop highly efficient thermal management materials
like few layer graphene (FLG) filler composites and boron nitride filler composites. Recently it
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has been identified that boron arsenide has a diamond-like thermal conducting material, but it
has challenges in its synthesis and quality for tailoring reliable performance. We believe that
advanced next-generation thermal management materials that maintain a significantly reduced
interfacial thermal resistance throughout the life of the system plays a major role in making key
improvements in the efficiency of the thermal management sub systems.

1.2 Literature Review
Lindsay et.al. [1] have calculated the thermal conductivities of cubic III-V boron compounds
using a predictive first principles approach. Boron arsenide is found to have a remarkable
thermal conductivity of over 2000 W/m.K due to fundamental vibrational properties, some of
which are not typically connected to prescriptions for high thermal conductivity in materials. The
large arsenic to boron mass ratio and the unusual, almost purely covalent bonding in BAs give a
large frequency gap between its acoustic and optic phonons (a-o gap) and bunching of the
acoustic phonon dispersions; the intrinsic thermal conductivity is sensitive to the combination of
these properties. In addition, the isotopically pure As atom gives relatively weak phonon isotope
scattering.
Prasher et.al. [2] have focused on bond line thickness (BLT) that can be obtained by
rheological measurements from particle laden polymers (TIM). The silicone oil used is
polydimethylsiloxane fluid of three viscosities. The interface resistance is higher for the surface
with higher volume fraction due to imperfect wetting or mixing of the filler particles with the
silicon oil, as the thermal conductivity of silicon oil is very low. After certain optimal loading
and particle volume fraction (α<4), if there is an increase in their ranges, the thermal resistance
increases despite thermal conductivity.
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Moore and Shi [3] have discussed about the anisotropic thermal conductivities stating that
the basal-plane thermal conductivity of 2D layered materials can be exceptionally high, and the
cross-plane value can be more than an order of magnitude lower. They have examined a few
cubic crystals, two-dimensional layered materials, nanostructure networks and composites,
molecular layers and surface functionalization, and aligned polymer structures for potential
applications as heat spreading layers and substrates, thermal interface materials, and underfill
materials in future-generation electronics.
Jain and McGaughe [4] have studied the competing effects of mass density, a-o gap, acoustic
width, optical width, and acoustic bunching on the thermal conductivity of compound
semiconductors, where the species differ only in mass. They found that the thermal conductivity
depends on the mass difference of the two species and how it affects the a-o gap and the
acoustic-width. The thermal conductivity increases with increasing a-o gap to acoustic width
ratio, attains a maximum close to ratio of 1, and decreases with further increase in the ratio.
Pietrak and Wisniewski [5] have reviewed the most popular expressions for predicting the
effective thermal conductivity of composite materials using the properties and volume fractions
of constituent phases. Among effective medium theories (EMT), Bruggeman-type
approximations, deal better with higher filler volume fractions than Maxwell-Eucken-type
approximations but the latter are used more often due to their simplicity. For spherical particles,
one of the most prominent models used is the Maxwell model which matches the experimental
data for filler fraction up to 30 %.
Xiang-Qi Wang and Arun S. Mujumdar [6] have reviewed about the research on theoretical
and numerical investigations of various thermal properties and applications of nanofluids. They
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have explained about several semi-empirical correlations used for calculating the apparent
conductivity of two-phase mixtures and compared the selected theoretical models with
experimental data for thermal conductivity of Al2O3/water nanofluids.
F. Kargar et al. [7] have reported the results of an experimental study that compares the
performance of graphene and boron nitride flakes as fillers in the thermal interface materials.
They have varied the thickness of both fillers from a single atomic plane to about a hundred
atomic planes and the measurement of thermal conductivity has been conducted using a standard
TIM tester.
Sarvar et al. [8] have reviewed the state-of-the-art of thermal interface materials ranging from
the conventional interface materials to advanced carbon nanotube-based materials; they
discussed about the properties, advantages and disadvantages of each TIM category and the
factors that need to be considered while selecting the thermal interface material. They have also
emphasized about the types of resistance and their effects associated with the thermal
conductivity of thermal interface materials.
Tao et al. [9] have proposed a percolation model to determine the effective thermal
conductivity of the composite materials along with the methods to determine the percolation
threshold and the exponent in the percolation model. Percolation exponent is dependent on the
filler size, filler shape, and filler distribution in the composites. Compared to other models
proposed, theoretical results obtained with the percolation model agree better with the
experimental data.
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Syamala [10] has developed a computational fluid dynamics (CFD) simulation to evaluate
the graphene-based composites as thermal interface materials in an insulated gate bipolar
transistor (IGBT) package for high heat flux applications. He found that the thermal interface
materials based on FLG-metal composites showed superior thermal performance as compared to
state-of-the-art TIMs such as thermal grease and Dow Corning TC5022.

1.3 Thesis Objectives
While recent NIU effort is concentrated on development of advanced thermal interface
materials TIMs based on graphene, this research is focused on developing an advanced thermal
interface material by considering boron-arsenide-based composites. Objective of this study is to
identify composition of boron arsenide as filler in polymer-nanostructured material composite
TIM for high heat flux applications such as in space power. In order to design boron-arsenidebased TIM composite with enhanced effective thermal conductivity, a number of metallic and
nonmetallic base-filler material composites are considered with varying filler fractions.
Empirical mixture models based on effective medium theories (EMT) are considered for
estimating effective conductivity of the two-component boron arsenide-filler composite TIM
structure.
A computational thermal analysis model is developed for three-dimensional high heat flux
generating insulated gate bipolar transistor (IGBT) power module with attached convectively
cooled heat sink to evaluate the effectiveness of the number proposed TIM samples in spreading
heat from localized high heat flux modules as well as restrict the junction temperature to the
acceptable level for efficient and safe operation of the power generating modules,; achieving the
heat flow in an insulated gate bipolar transistor (IGBT) module.

CHAPTER 2
NANOSTRUCTURE-BASED COMPOSITES
2.1 Advanced Thermal Interface Materials
In this chapter, a few advanced thermal interface materials are discussed in contrast with the
common TIMs. Common TIMs are the composite mixture of thermally conducting metallic or
ceramic fillers that are space qualified and vacuum compatible polymeric materials. Major
requirements are high thermal conductivity and compliance. Such common TIMs require large
volume fractions fillers. Polymeric composites with a high thermal are always desired for wide
variety of applications. While improved thermal conductivity of polymers can be achieved
through dispersion of metallic particles in a polymer matrix, a good dispersion and thermal
coupling is quite a challenge. Thermal resistance and reliability of the interface material must be
improved significantly for effective use in high temperature and high heat flux electrical power
systems.
In recent years, major research effort on the development of high thermal conductivity
thermal interface materials are concentrated around the use of high thermal conductivity
materials like carbon nanotubes – SWNTs and MWNTs, aluminum nitride (AIN), bi-layer
graphene and few layer graphene, and boron nitride nanotubes – high-K BNNTs.
Carbon nanotubes (CNTs- SWNTs), boron nanotubes (BNTs and graphene –bilayer and few
layer graphene (FLG) are some of the novel materials that have been considered for the
development of new generation TIMs with reduced thermal resistance.
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2.1.1 Carbon Nanotube-Composites
Carbon nanotubes (CNTs) have been extensively considered as a novel TIM materials due
to its very high thermal conductivity values. However, CNT films involve high interface
resistance due to poor contacts of the NTs with the substance surfaces, an effect referred to as the
Kapitza resistance, and failed to provide the anticipated performance.
Some of the CNT-TIM sample analyzed are: metal-CNT composites; CNT-Cu
nanocomposites; CNT-copper nanocomposite; CNT-Al and CNT -Al alloy composites. For 10

m thick metal-SWNT and SWNT-substance interfaces, thermal interface resistances value of
3.8 mm2.K/W and 9.2 mm2.K/W respectively are reported. Reported values for vertically
oriented CNT interface resistances in Si-CNT-Ag and Si-CNT-CNT-Cu contact surface are of
the order of 15.8 mm2.K/W, and silicon-CNT-silver has a thermal interface resistance in the
range of 7 – 19 mm2.K/W.
2.1.2 Few Layer Graphene (FLG) and Graphene Composites
Graphene is two-dimensional a monolayer graphite with over 100-order anisotropy of heat
flow between the in-plane and cross-plane directions. Graphene possesses one of the highest inplane thermal conductivity of the order of 2000-4000 W/m.K for suspended graphene. In
comparison thermal conductivity of natural diamond is 2200 W/m.K at room temperature [11].
The high in-plane thermal conductivity is due to covalent bonding between carbon atoms and the
out-of-plane conductivity is due to the weak van-der-waals coupling force. The in-plane thermal
conductivity of graphene, however, decreases considerably when supported with a substrate or
encased/confined due to weak thermal coupling caused by van der Waals interactions and
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interaction/scattering of graphene phonon with the substrate phonons. Thermal conductivity of
graphene supported by silicon substrate is reported as 600 W/m.K.
Thermal properties like specific heat and thermal conductivity of nano- or micro-structured
materials are linked to the phonon transport phenomena involving multiple acoustic and optical
vibration modes of lattice structure. A graphene unit lattice cell structure is subjected to three
acoustic modes and three optical phonon modes. The Theoretical modeling of thermal
conductivity requires consideration of solid-state physics and consideration dispersion curves, a
relationship between the phonon energy, E or frequency, ω and phonon wave or group velocity.
Thermal conductivity graphene also decreases as it stacks into layers like in few layer
graphene (FLG) which are then subjected to cross-plane heat dissipation with van-der-waals
interaction and phonon scattering in between layers [12]. Singh et al. [13] have demonstrated
their theoretical analysis based on phonon-phonon interactions and linearized Boltzmann
transport equation that out-of-plane thermal conductivity dropped sharply from a single-layer
graphene to two-layer graphene. With further increase of layers to three or four, the decrease is
less with increase in layers and remains unchanged by four layers. At about 300K, the thermal
conductivity (about 3000 W/m.k) dropped by 29% for two layers to 37% to 35% and 37% (
2000 W/m.K) for three layers and four layers respectively.
Few layer graphene (FLG) and graphene composites are also considered increasing as a
viable improved low thermal resistance interface materials. Few layer graphene (FLG)
Composite of optimized mixture graphene as the fillers and a range of matrix materials such as
metallic micro – and nanoparticles are considered at NIU. Results for enhanced thermal
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conductivity by a factor of ~ 23 is achieved with commercially available TIM mixed with 10 %
loading of graphene as thermally conductive filler.
MWNT- graphene nanoplatelet composite (20 % MWNT-80% graphene nanoplatelets)
was also considered. Graphene nanoplatelets are the early versions of the graphite graphene with
10 to 20 layers.
Major huddle in development and commercialization of graphene-based nanocomposites
was the high expense of graphene production due to the restriction on the base starting materialgraphite, which is limited in resources.
Researchers at Northern Illinois University have successfully produced few-layer
graphene using a novel methodology now being termed as dry-ice method [14]. The dry-ice
method does not use any graphite nor does it involve any toxic or harmful chemicals. The
innovative and cost-effective methodology of burning magnesium in dry ice is safer, faster and
cleaner than other methods which involve hazardous materials. The process demonstrated the
produce of multi-layer graphene, between three and seven layers. This process has the potential
for production of few-layer graphene in industrial-scale quantities.
2.1.3 Boron Nitride Nanotubes (BNNT) and Boron Nitride Nanomesh (BNNM)
Boron nitride nanotubes (BNNTs) also exhibit very high thermal conductivities. However,
large-scale production of BNNTs remains a major challenge for commercialization. The most
commonly use methods for preparation of BNNTs include ball milling and annealing, arc
discharge, chemical vapor deposition, laser ablation, mechano-thermal and other chemical
syntheses techniques. Many of them use drastic reaction condition, e.g., high reaction
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temperature (in the range of 1273-1673 K) and needed expensive and complicated reaction
setups. Therefore, a simple way of manufacturing large scale BNNTs is warranted.
BNNT and BNNM-based composites are also considered at NIU. NIU-AMSENG
collaborative research included synthesis and processing of hexagonal-BN (h-BN) and
development of BNNT-based TIMs. A successful method has been developed to prepare h-BN in
relatively lower temperature and high yield. The fabrication process involves pyrolysis of boron
and nitrogen containing precursors in the presence of certain catalysts in a sealed autoclave.
2.1.4 Boron Arsenide (BAs)
Boron arsenide is a chemical compound of boron and arsenic with a remarkable thermal
conductivity of over 2000 W/m-K at room temperature; this is comparable to those in diamond
and graphite. The large arsenic to boron mass ratio and the pure covalent bonding in BAs give a
large frequency gap between its acoustic and optic phonons (a-o gap) and give a bunching of the
acoustic phonon dispersions.
In semiconductors, heat is carried by vibrational waves of the constituent atoms, and the
collision of these waves with each other creates an intrinsic resistance to heat flow, but this
unusual interplay of certain vibrational properties in boron arsenide that lie outside of the
guidelines are commonly used to estimate the thermal conductivity.
BAs is unusual in that the acoustic branch bunching weakens aaa scattering, the a-o gap is
large enough to freeze out all aao processes, and its stiff bonding and small MB give a relatively
large Debye temperature. This combination of features is not present in the other materials and
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gives BAs anomalously large intrinsic phonon transport lifetimes and correspondingly ultra-high
thermal conductivity from the mid-high frequency acoustic phonons.
Isotopic scattering can play an important role in determining the thermal conductivity in
many material systems, such as those considered here. BAs has a large mixture of B isotopes;
however, it has relatively small contributions from isotopic scattering, smaller even than cubic
BN, BSb, and diamond. The reason for this is that for BAs, the large As to B mass ratio causes
the atomic motion of the short wavelength acoustic phonons, which give the largest contributions
to thermal conductivity, to be dominated by the heavier As mass, and As happens to be
isotopically pure [1].
Figure 1 shows the characteristics of optic phonons and acoustic phonons that predicted the
high thermal conductivity of boron arsenide.
In an effort to identify new high thermal conductivity of non-metallic crystal structure
materials. Lindsay et al. [1] identified boron arsenide as one of the most promising material
considering the general rule that thermal conductivity decreases with increasing atomic mass and
with decreasing Debye temperature. With these general rules, they considered due to the
following key factors: simple crystal structure, low average atomic mass, and strong interactive
bonding, which implies a large Debye temperature. A first principle analysis was carried out
based on the phonon dispersion curve data and solution of linearized Boltzmann transport
equation for phonons for a class of boron-based cubic III-V compounds.
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BAs - Characteristics of Acoustic Phonons and Optic
Phonons
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Figure 1: BAs – Characteristics of Acoustic Phonons and Optic Phonons
Figure 2 shows the variation of thermal conductivity with respect to temperature for
diamond, graphene, boron arsenide and boron nitride.
Among all boron compounds, thermal conductivity of BAs is found to be considerably higher
than those for all other materials. At room temperature, the value is about 2240 W/m. K, which
is similar to the thermal conductivity value of diamond. However, thermal conductivity value of
diamond drops at a faster rate with temperature as compared to BA. At around 400 K, the
thermal conductivity value of BA is around 1800 W/m.K as compared to 1500 W/m.K for
diamond.
Boron arsenide is a face-centered cubic crystal with a lattice constant of 0.4777 nm and an
indirect bandgap of roughly 1.46 eV. The structure of boron arsenide is like crystal structure of
cubic diamond. The molar mass of boron arsenide is 85.733 g/mol; the large As to B mass ratio
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causes the atomic motion of the short wavelength acoustic phonons, which give the largest
contributions to thermal conductivity, to be dominated by the heavier As mass, and As happens
to be isotopically pure.

Temperature (K) vs Thermal Conductivity (W/m.k)
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Figure 2: Variation of Thermal Conductivity with Temperature
Figure 3 shows the structure of boron arsenide with tetrahedral holes filled with four
arsenic atoms. If the high temperature from BAs is desired, the temperature of the reaction zone
or of a further transformation zone is maintained at a temperature of 900 C to 1200 C. It has been
found that such higher temperatures bring about the formation of the tan-colored orthorhombic
form of boron arsenide. It is a wide-bandgap semiconductor (3.47 eV) with the extraordinary
ability to “self-heal” radiation damage.
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B

As

Figure 3: Structure of Boron Arsenide (BAs)
Figure 4 shows the structure of boron arsenide with a rhombohedral structure based on
clusters of boron atoms and two-atom As-As chains.

2.2 Preparation of Boron Arsenide
Method 1:
Elemental boron powder is easily pressed into various shapes by methods of powder
metallurgy. Boron particles so produced are exposed to temperatures of about 800 C to 900 C to
the vapor of arsenic for the desired length of time. The reaction commences at the surface of the
article forming the compound BAs there on and as the treatment is continued the arsenic
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penetrates the surface and gradually works its way into the center of the particle, converting the
entire mass to boron arsenide. The time required for complete reaction is dependent upon the

B

As

Figure 4: Structure of Boron Arsenide (B12A2)
temperature, the mass of material treated, the degree of porosity of the article, the particle size
and upon the pressure of arsenic vapor [15].
Method 2:
It has been found convenient to carry out this method by charging the desired quantity of
solid arsenic into a tubular furnace, heating the said arsenic to vaporize the same while at the
same time introducing a gaseous stream of boron trichloride and hydrogen. The product thus
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obtained is the desired boron arsenide which is removed from the reaction zone and collected in
a condenser or other form of relatively cool surface remote from the reaction zone. The product
obtained when operating at a temperature of from 700 C to 900 C is the cubic form of boron
arsenide, BAs, which is obtained as a black, finely divided powder [15].

2.3 Polymer Matrix
Polymeric materials used for the nanocomposite formulation are commercially available
“AOS Non-Silicone XT-3” thermal grease and the “EP21TCHT-1” epoxy-based resins. They
are chosen as they meet the NASA outgassing requirements.
In this work, boron arsenide nanoparticles are considered as the primary candidate to be
incorporated in the selected polymer matrix and thermal conductivity is evaluated to ensure the
improvement of the thermal properties. Table 1 shows the percentage of filler fraction considered
to calculate the value of thermal conductivity for BAs-thermal grease and BAs-epoxy composite
thermal interface materials.
Table 1: Percentage of Filler Fraction - Case 1 and Case 2
Percentage of

Case 1: “AOS Non-Silicone

Case 2: “EP21TCHT-1”

Filler (%)

XT-3” Thermal Grease

Epoxy

10
20
25
30
40
50

CHAPTER 3
MODELING OF THERMAL INTERFACE MATERIALS
3.1 Thermal Interface Material
If a heat sink is placed directly on top of a heat-generating device, a thin layer of air gap
exists between the two mating surfaces due to the roughness and imperfection of the surfaces
(Figure 5). The air gaps are thermal barriers to the heat dissipation path. Thermal interface
materials (TIM) are used to reduce the air gaps. TIM should have high thermal conductivity,
good capability to fill up the micro gaps, and good thermal stability.

Figure 5: Air Gap vs Thermal Interface Material
Source: http://www.myheatsinks.com/learn/tim/
The commonly used thermal interface materials are listed in the Table 2.
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Table 2: Common Thermal Interface Materials
Type of Material

Thermal Conductivity(W/m.K)

Gap filler pad

1.5 - 7.0

1.5 - 7.0

Thermal gel

0.7 - 3.5

0.7 - 3.5

Thermal Tapes

0.4 - 1.4

0.4 - 1.4

Thermal grease

0.5 - 3.0

0.5 - 3.0

Epoxy

0.8 - 2.7

0.8 - 2.7

3.1.1 Parameters Associated with TIM
High thermal conductivity and low thermal resistance of TIM is achieved by dispersing
high-conductivity material particles in polymeric base or matrix materials. However, adding
these high-conductivity particles also affects the viscosity or fluidity to wet the substrate surfaces
and the bond line thickness (BLT) of the TIM as demonstrated in the Figure 6.

Figure 6: Parameters Associated with TIM
Source: https://www.google.com/patents/US20140120399
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Thermal resistance associated with the bulk TIM is given as

𝑅𝑇𝐼𝑀,𝑏𝑢𝑙𝑘 =

𝐵𝐿𝑇
𝐾𝑇𝐼𝑀

Thermal resistance of the TIM depends not only on the thermal conductivity but also on the
thickness of the BLT. The BLT associated with TIM varies with type and volume fraction of the
particles and the applied pressure. The effective thermal conductivity of the TIM has two
components: one associated with the bulk resistance of the TIM and second associated with the
contact resistances of the TIM with the two substrate interfaces, Rc1 and Rc2 at the top and the
bottom respectively. The effective thermal resistance of the TIM is then given as
𝑅𝑇𝐼𝑀 = 𝑅𝑇𝐼𝑀,𝑏𝑢𝑙𝑘 + 𝑅𝑐1 + 𝑅𝑐2
In order to evaluate the effect of type and volume fraction of the high-conductivity
nanomaterials on the thermal resistance of the polymer-filler TIM, one also needs to understand
its effect on the rheology of the polymer mixture.
In this study, attention is primarily given to the estimation of the thermal conductivity of
filler matrix system based on available semi-empirical formulae developed based on effective
medium theory (EMT). A separate study is being conducted at NIU about modeling the BLT.

3.2 Effective Medium Theory (EMT)
Effective medium theories are the empirical, analytical and numerical models used for
predicting the effective thermal conductivity of composite materials using the volume fraction
and properties of the filler and matrix material.
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Maxwell, Bruggeman, and percolation models are the effective medium theories used to
create the BAs-thermal grease and BAs-LO epoxy composite materials. Bond line thickness,
particle size, filler fraction, and interfacial thermal resistance coefficient are the properties
associated with the effective medium theories used to create the composite materials.
3.2.1 Maxwell Model
Maxwell model is the first analytic expression used to create the composite materials where
spherical filler particle with thermal conductivity (Km) are embedded in a continuous matrix of
thermal conductivity (Kl).
𝐾𝑒𝑓𝑓
3∗∅
= 1+
𝐾 +2∗𝐾
𝐾𝑚
( 𝑙𝐾−𝐾 𝑚 )− ∅
𝑙

𝑚

∅ - Volume fraction of filler

Keff – Effective thermal conductivity of composite material
Km – Thermal conductivity of matrix material
Kl – Thermal conductivity of filler particle
The drawback of Maxwell model is the value of effective thermal conductivity is valid only
for filler fraction up to 25%.
3.2.2 Bruggeman Model
Bruggeman model is accurate for high filler volume fractions when compared with
Maxwell model. The main approach of this theory assume that a composite material can be
incremented by introducing infinitesimal changes to an already existing material.
(

𝐾𝑚
(1 − ∅)3 = (
)
𝐾𝑒𝑓𝑓

1+2∗𝛼
)
1−𝛼

3/(1−∝)

(𝐾𝑒𝑓𝑓 − 𝐾𝑙 (1 − 𝛼))
∗ (
)
(𝐾𝑚 − 𝐾𝑙 (1 − 𝛼))
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∅ - Volume fraction of filler

Keff – Effective thermal conductivity of composite material
Km – Thermal conductivity of matrix material
Kl – Thermal conductivity of filler particle
α – (ak/a)
a – Particle radius
ak – Kapitza radius = Rb*Km
Rint – Interfacial thermal resistance
The formula to calculate the interfacial thermal resistance is
𝑅𝑏 =

(𝛼 ∗ 𝑎)
𝐾𝑚

The interfacial thermal resistance is very low when the particle radius (a) is much lesser than the
Kapitza radius (ak); if α = 1; that is, the actual particle radius is equal to ak then the effective
thermal conductivity of the particles is equal to that of the matrix.
If α > 1, that is the particle radius is very small, then the contribution of the particles to the
thermal conductivity of the composite is dominated by interfaces; if α < I then the bulk property
of the particles is important.
For an efficient thermal conductivity of the composite material the value of ‘α’ should be in
the range of 0.05 to 0.15. The volume filler fraction is directly proportional to the ‘α’ value; the
variation of ‘α’ value with respect to filler fraction is shown in the Table 3.
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Table 3: Variation of ‘α’ with Volume Filler Fraction of BAs

Volume Filler Fraction

α

< 50 %

0.05

> 50 %

0.15 - 1.00

3.2.3 Percolation Model
Percolation model is the most effective in determining the effective thermal conductivity of
composite materials; theoretical results obtained with the percolation model agree better with the
experimental data.
[

𝜆𝑐
λ = 𝜆2 ∗ ( )
𝜆2

1−𝑉 𝑛
]
1−𝑉𝑐

λ – Effective thermal conductivity of percolation model
λ2 – Thermal conductivity of filler particle
λc – Effective thermal conductivity of Bruggeman model
n – Percolation exponent
V – Volume filler fraction
Vc – Percolation threshold
Vc varies from 0.15 to 0.30 and n is expected to be in the range of 0 to 1. Either Maxwell
model or Bruggeman model is used to estimate the value of effective thermal conductivity (λc);
the ‘λc‘ value thus obtained is substituted in the percolated model along with the values of Vc, V,
λ2 and n to calculate the effective thermal conductivity of the composite material.
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λ−𝜆𝑐

If (

𝜆𝑐

) ≤ 5 is satisfied, then the assumed value of Vc is accepted. Otherwise, a new

value of Vc should be selected and the above procedures are repeated.
The effective thermal conductivity ‘λ’ reduces to that of the polymer matrix when the
volume fraction of filler is zero (V=0). As a result, n is determined by substituting the above
estimated values of Vc and λc into the percolation model.

3.3 Comparison of Effective Medium Theories
Thermal conductivity of filler particle, matrix material, filler fraction, particle radius,
thickness, and interference resistance are the variables associated with the three models. Each
model includes two or more variables out of all the above-mentioned variables to create the
composite thermal interface materials.
Table 4 compares the models in terms of variables associated with each model.
Table 4: Comparison of Effective Medium Theories
Kmatrix

Kfiller

∅

Maxwell

×

×

×

Bruggeman

×

×

×

×

×

Model

Percolation

Rb

Vc

×

a

×
×

Each model has its own constraint in evaluating the effective thermal conductivity of the
composite material. The constraints associated with each model is shown in the Table 5.
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Table 5: Constraints Associated with Effective Medium Theories
Model

Constraint

Value

Maxwell

∅

< 25%

Bruggeman

α

< 0.15

Percolation

Vc

0.15 – 0.30

By comparing the end value of all the three models, it is possible to design the BAs-based
composite thermal interface materials with optimal thickness, particle radius, interference
resistance and minimum filler fraction.

3.4 Selection of Matrix Materials
An efficient matrix material should be thermally conductive, electrically insulating, and heat
resistant. Based on their properties, non-silicone thermal grease and low outgassing (LO) epoxy
are selected as matrix materials to create the BAs based composite thermal interface materials.
3.4.1 Non-silicone Thermal Grease
Non-silicone thermal greases are much efficient than the silicone thermal greases for heat
transfer applications. In silicone thermal greases, several thermal cycles cause dry out, interface
film cracking, resulting in a loss of thermal conduction; Non-Silicone compounds shows 50% to
80% less oil separations compared to silicone compounds.
For this research, I have used the “AOS Non-Silicone XT-3” thermal grease as one of the
matrix material. Non-Silicone XT-3 is especially appropriate when outgassing is a concern and
there is an intentional heat source that requires continuous operation at temperatures exceeding
473 K.
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The properties of “AOS Non-Silicone XT-3” thermal grease are listed in the Table 6.
Table 6: Properties of “AOS Non-Silicone XT-3” Thermal Grease
Brand

AOS Thermal Compounds

Product

Non-Silicone XT-3

Density

2400 kg/m3

Thermal Conductivity

0.7 W/(m-K)

Specific heat

1000 J/(Kg-K)

Coefficient of thermal expansion

150 µm/(m-°C)

3.4.2 Low Outgassing Epoxy
Epoxy is the most commonly used matrix material to create the composite materials.
“Master Bond Polymer System EP21TCHT-1” is the other matrix material used in this research.
It is a two-component, thermally conductive, heat-resistant epoxy compound formulated to cure
at ambient temperatures or more rapidly at elevated temperatures. EP21TCHT-1 passes NASA
outgassing tests and has service temperature range up to 450 K. The properties of “EP21TCHT1” epoxy are listed in Table 7.
Adding the high thermally conductive filler particles to these matrix material results in the
formation of epoxy composites with high thermal conductivity when compared to the start of art
thermal interface materials.
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Table 7: Properties of “EP21TCHT-1” Epoxy
Brand

Master Bond

Product

EP21TCHT-1

Density

1250 kg/m3

Thermal conductivity

1.44 W/(m-K)

Specific heat

1188 J/(Kg-K)

Coefficient of thermal expansion

20 µm/(m-°C)

3.5 Properties of Boron Arsenide
The properties of “Boron Arsenide” are listed in the Table 8.
Table 8: Properties of Boron Arsenide
Density

5220 kg/m3

Thermal conductivity

2200 W/(m-K)

Specific heat

417 J/(Kg-K)

The boron arsenide nanoparticles are loaded as filler in the matrix material with filler fraction
ranging between 10 % - 95 %.

3.6 Calculation of Effective Thermal Conductivity
3.6.1 Maxwell Model
The effective thermal conductivity of the composite material is calculated by varying the
boron arsenide (K = 2200 W/m.K) filler fraction from 5 % to 95 %.
Case 1: “AOS Non-Silicone XT-3” Thermal Grease
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Thermal conductivity of boron arsenide (filler material) = 2200 W/(m-K).
Thermal conductivity of thermal grease (matrix material) = 0.7 W/(m-K).
Figure 7 shows the variation in effective thermal conductivity of the composite material
when the filler fraction is increased in a progressive manner.

Filler fraction vs Thermal conductivity
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Figure 7: Variation of Thermal Conductivity with BAs Filler Fraction (AOS Non-Silicone XT-3)
The value at 10% filler fraction is 0.93 W/(m-K).
The value at 20% filler fraction is 1.23 W/(m-K).
The value at 25% filler fraction is 1.40 W/(m-K).
Case 2: “EP21TCHT-1” Epoxy
Thermal conductivity of boron arsenide (filler material) = 2200 W/(m-K).
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Thermal conductivity of epoxy (matrix material) = 1.44 W/(m-K).
Figure 8 shows the variation in effective thermal conductivity of the composite material
when the filler fraction is increased in a progressive manner.

Filler fraction vs Thermal conductivity
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Figure 8: Variation of Thermal Conductivity with BAs Filler Fraction (EP21TCHT-1)
The value at 10% filler fraction is 1.92 W/(m-K).
The value at 20% filler fraction is 2.52 W/(m-K).
The value at 25% filler fraction is 2.88 W/(m-K).
The Maxwell model matches with the experimental data for filler fraction up to 25%. It
can be seen from case 1 and case 2, Maxwell model doesn’t work well for filler fraction greater
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than 25%. The thermal conductivity of the composite materials has increased twice the thermal
conductivity of the matrix material in both the cases at the filler fraction of 25%.
In Maxwell model, the thermal conductivity of the composite material is not found to
increase steadily with increase in the percentage of filler fraction. When the filler fraction is
increased above 80%, the thermal conductivity of the composite material rises suddenly which is
not valid experimentally.
3.6.2 Bruggeman Model
The effective thermal conductivity of the composite material is calculated by varying the
filler fraction from 5 % to 95 %. The ‘α’ value is taken as 0.06 for filler fraction up to 50% and
0.15 for filler fraction up to 95%.
Case 1: “AOS Non-Silicone XT-3” Thermal Grease
Thermal conductivity of boron arsenide (filler material) = 2200 W/(m-K).
Thermal conductivity of thermal grease (matrix material) = 0.7 W/(m-K).
Figure 9 shows the variation in effective thermal conductivity of the composite material
when the filler fraction is increased in a progressive manner.
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Filler fraction vs Thermal conductivity
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Figure 9: Variation of Thermal Conductivity with BAs Filler Fraction (AOS Non-Silicone XT-3)
The value at 30% filler fraction is 1.72 W/(m-K).
The value at 40% filler fraction is 2.52 W/(m-K).
The value at 50% filler fraction is 4.00 W/(m-K).
Case 2: “EP21TCHT-1” Epoxy
Thermal conductivity of boron arsenide (filler material) = 2200 W/(m-K).
Thermal conductivity of epoxy (matrix material) = 1.44 W/(m-K).
Figure 10 shows the variation in effective thermal conductivity of the composite material
when the filler fraction is increased in a progressive manner.
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Filler fraction vs Thermal conductivity
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Figure 10: Variation of Thermal Conductivity with BAs Filler Fraction (EP21TCHT-1)
The value at 30% filler fraction is 3.50 W/(m-K).
The value at 40% filler fraction is 5.20 W/(m-K).
The value at 50% filler fraction is 8.20 W/(m-K).
It can be seen from case 1 and case 2, for α = 0.06, the thermal conductivity of
Bruggeman model matches closely with the Maxwell model up to filler fraction of 40% and
found to be higher than the Maxwell model.
When the filler fraction is increased above 40%, the thermal conductivity of the
Bruggeman model is large when compared with the Maxwell model. In Bruggeman model, the
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thermal conductivity of the composite material is found to increase steadily than the thermal
conductivity of Maxwell model with the increase in the percentage of filler fraction.
3.6.3 Percolation Model
In percolation model, the effective thermal conductivity of Bruggeman model is used as
one of the parameter to calculate the effectivity thermal conductivity. The percolation threshold
(Vc) is taken as 0.30 for calculating the effective thermal conductivity.
Case 1: “AOS Non-Silicone XT-3” Thermal Grease
Thermal conductivity of boron arsenide (filler material) = 2200 W/(m-K).
Thermal conductivity of thermal grease (matrix material) = 0.7 W/(m-K).
Figure 11 shows the variation in effective thermal conductivity of the composite material
when the filler fraction is increased in a progressive manner.
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Figure 11: Variation of Thermal Conductivity with BAs Filler Fraction (AOS Non-Silicone XT3)
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The value at 30% filler fraction is 2.34 W/(m-K).
The value at 40% filler fraction is 6.09 W/(m-K).
The value at 50% filler fraction is 22.66 W/(m-K).
Case 2: “EP21TCHT-1” Epoxy
Thermal conductivity of boron arsenide (filler material) = 2200 W/(m-K).
Thermal conductivity of epoxy (matrix material) = 1.44 W/(m-K).
Figure 12 shows the variation in effective thermal conductivity of the composite material
when the filler fraction is increased in a progressive manner.
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Figure 12: Variation of Thermal Conductivity with BAs Filler Fraction (EP21TCHT-1)

The value at 30% filler fraction is 4.74 W/(m-K).
The value at 40% filler fraction is 12.41 W/(m-K).
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The value at 50% filler fraction is 43.93 W/(m-K).
From case 1 and case 2, the thermal conductivity of percolation model matches closely
with the Maxwell and Bruggeman model up to filler fraction of 30%. When the filler fraction is
increase above 50 %, the thermal conductivity of percolation model is found to be much higher
than the thermal conductivity of the Maxwell model and Bruggeman model.
Threshold exponent (n) is the reason for the increase in the thermal conductivity of
percolation model. The threshold exponent of less than 1 and (

λ−𝜆𝑐
𝜆𝑐

) ≤ 5 is satisfied only for

filler fraction up to 50%. Therefore, the percolation model has much probability of matching
with the experimental results for the filler fraction less than 50%.
Figure 13 shows the variation of threshold exponent for both the case 1 and case 2 with
increase in filler fraction from 0 to 90%.
3.7 Evaluation of Effective Medium Theories
In all the effective medium theories, the value of thermal conductivity for composite
materials is valid for filler fraction only up to 40%.
•

In Maxwell model, the increase in the thermal conductivity is uncertain and very low for
filler fraction greater than 25 %.

36

Filler fraction vs Threshold exponent
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Figure 13: Variation of Threshold Exponent with BAs Filler Fraction
•

In Bruggeman model, the value of thermal conductivity is very low with the increase in
filler fraction up to 75 %.

•

In percolation model, the threshold exponent is within the range for filler fraction less
than 50%.

The variation in the value of calculated effective thermal conductivity with the increase in
filler fraction from 10 to 95 % and 10 to 50 % is shown in Tables 9 and 10 for case 1 and case 2.

37
Table 9: Variation of Thermal Conductivity with BAs Filler Fraction- Case 1
Case 1: “AOS Non-Silicone XT-3” Thermal Grease
Model/Filler
Fraction

Maxwell

Bruggeman

Percolation

0.1

0.93

0.91

0.84

0.2

1.23

1.24

1.24

0.25

1.40

1.44

1.63

0.3

1.60

1.72

2.35

0.4
0.5

2.10
2.80

2.52
4.00

6.09
22.66

0.6

3.85

4.20

47.32

0.7

5.60

7.40

244.70

0.8

9.10

16.20

1072.40

0.9

19.60

59.40

2127.10

0.95

40.60

190.00

2199.48

Table 10: Variation of Thermal Conductivity with BAs Filler Fraction- Case 2
Case 2: “EP21TCHT-1” Epoxy
Model/Filler
Fraction

Maxwell

Bruggeman

Percolation

0.1

1.92

1.87

1.72

0.2

2.52

2.51

2.51

0.25

2.88

2.95

3.33

0.3

3.29

3.50

4.74

0.4

4.32

5.20

12.41

0.5

5.76

8.20

43.93

0.6

7.92

8.60

87.77

0.7

11.52

15.00

390.10

0.8

18.72

32.60

1349.79

0.9

40.32

114.00

2167.34

0.95

83.52

363.00

2199.93

The variation in the value of thermal conductivity with increase in filler fraction from 10
to 95 % and 10 to 50 % is shown in Figures 14-17 for case 1 and case 2.
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Case 1: “AOS Non-Silicone XT-3” Thermal Grease
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Figure 14: Variation of Thermal Conductivity with BAs Filler Fraction- Case 1 (10 – 95) %
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Figure 15: Variation of Thermal Conductivity with BAs Filler Fraction- Case 1 (10 – 50) %
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Case 2: “EP21TCHT-1” Epoxy
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Figure 16: Variation of Thermal Conductivity with BAs Filler Fraction- Case 2 (10 – 95) %
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Figure 17: Variation of Thermal Conductivity with BAs Filler Fraction- Case 2 (10 – 50) %

CHAPTER 4
COMPUTATIONAL ANALYSIS OF NANOCOMPOSITE THERMAL
INTERFACE MATERIALS FOR POWER ELECTRONICS
APPLICATIONS
As discussed before, power electronics devices have increasingly high demands for a highperformance thermal interface materials (TIM). With this application in mind, the proposed
nanoparticle-polymer matrix TIM is evaluated for its effectiveness in a high heat flux power
device using three-dimensional simulation model. A description of the simulation model and the
evaluation results are presented in this chapter.

4.1 Insulated Gate Bipolar Transistor Module
The insulated gate bipolar transistor (IGBT) is a minority-carrier device with high input
impedance and large bipolar current-carrying capability that combines the efficiency of metal
oxide field effect transistor (MOSFET) and bipolar junction transistor (BJT). IGBT is a solid
state switching devices used in power electronics applications. IGBTs are used in high power
applications such as:
•

Appliance motor drives

•

Electric vehicle motor drives

•

Power factor correction converters
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•

Uninterruptible power supplies

•

Solar inverters

•

High-frequency welders

•

Inductive heating cookers

A lot of heat is generated due to its fast switching applications of the IGBT switch. The
generated heat is carried away to the heat sink through many layers in the package. Thermal
interface materials play a key role in transferring heat from heat source to the heat sink and
thereby reducing the maximum junction temperature in the package.
In this research, I have modeled the insulated gate bipolar transistor package module of the
Toyota Prius, the hybrid car’s inverter to evaluate the boron-arsenide based composite thermal
interface materials. Inverter is an electronic device that converts the electricity from DC to AC
appliances. The current from the DC source is supplied to the primary winding of the transformer
within the inverter housing. Usually magnet is used to produce the AC current in the secondary
winding.
Unlike using the magnet, an electronic switch is used to produce the alternating current in
the secondary winding. The direction of flow of current is regularly broken with the help of the
IGBT switch in the primary winding in the inverter housing. This continuously in and out flow
of current in the primary winding produces the alternating current in the secondary winding of
the transformer housing. In this way, AC current is produced in the transformer.
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For this purpose, IGBT switch is used in the inverter to produce the AC current output
which is useful for many AC appliances. Fast switching is very useful in this case because the
direction of flow of current is regularly broken with the help of the IGBT.

4.2 Insulated Gate Bipolar Transistor Module
An insulated gate bipolar transistor (IGBT) package consists of IGBT switch and diode
soldered to the direct bond copper (DBC) layer. The DBC consist of three layers with aluminium
nitride substrate in the middle and copper deposited on both the sides. The direct bond copper
layer is attached to the copper base plate. The copper base plate is attached to the heat sink
through the thermal interface material layer to reduce the thermal resistance between them.
Different layers in IGBT package are;
•

IGBT switch and diode

•

Direct bond copper layer

•

Copper base plate

•

Thermal interface material

•

Heat sink

4.2.1 IGBT-Diode System
The IGBT is a four-layer structure (P-N-P-N) with an unidirectional blocking capability.
IGBTs with reverse conducting requirements need an anti-parallel diode, co-packaged with the
IGBT to form an IGBT-diode system. This makes the system blocking capability strong and
bidirectional.
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4.2.2 DBC Layer
This DBC layer is mainly helpful in the IGBT package to form the interconnections
between two layers. This is useful in cooling of the electronic components. Oxidation process at
high temperatures is used to deposit the two copper layers in the middle substrate layer. The
DBC layer is typically soldered to the copper base plate and TIM serves as the interface between
the baseplate and the heat sink.
The common substrate materials are;
•

Aluminium

•

Aluminium Nitride

•

Beryllium Oxide

•

Alumina

The volumetric coefficient of thermal expansion is very low for the DBC layer. This is very
useful in spreading the heat very effectively.

4.2.3 Base Plate
The copper base plate gives the mechanical and thermal stability to the IGBT package.
Base plate is used to spread the heat from source to the heat sink. There is an increase in need of
the thermal interface material layer thickness without the base plate in the module. The thermal
cycling capability of the package increases with the use of base plate.

4.2.4 Heat Sink
Heat sink or cold plate is used to transfer the heat that is generated in the package to the
surroundings. Generally, heat sinks are made of aluminum alloy, copper can also be used as a
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heat sink but the weight of copper is three times that of aluminium. The main role of the heat
sink is to dissipate the generated heat in the electronic components there by keeping the package
within the allowable temperature limits. The fluid medium is used to carry heat away
convectively from the heat sink either through natural convection or forced convection. Table 11
shows the dimensions and properties of pin heat fin.
Table 11: Dimensions and Properties of Pin Heat Fin
Area of C.S
(mm)
40.60*36.20

Base
Thickness
(mm)
3

Pin Height
(mm)

No. of Pins

Pin Diameter
(mm)

12.5

99

1.8

Distance
Between
Pins (mm)
1.8

4.3 Design of Physical Model
The computational model of IGBT - diode package, shown in Figure 18, designed using
SolidWorks and then imported as a surface mesh model into the Star CCM+ to initialize the
steady state thermal analysis of the IGBT package.

Figure 18: Three-Dimensional Model of IGBT-Diode Power Model for Thermal Simulation
The dimension and properties of the IGBT package are shown in Table 12.
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Table 12: Dimensions and Properties of IGBT Package
Dimension (mm)

Material

Thermal
Conductivity (W/m
K)

IGBT

13.70*9.80*0.51

Si

124

Diode

6.60*6.40*0.32

Si

124

Top DBC

32.30*24.40*0.41

Cu

398

Middle DBC

32.30*24.40*0.64

AlN

180

Bottom DBC

32.30*24.40*0.41

Cu

398

Base Plate

40.60*36.20*3.00

Cu

398

Thermal Interface
Material

40.60*36.20*0.05

BAs-Thermal
grease/ BAsEpoxy

Heat Sink

40.60*36.20*15.5

Al

Part

237

The expoded view of the IGBT package is shown in Figure 19.

Heat sink

TIM
Base plate

DBC layer
Diode
IGBT

Figure 19: Exploded View of IGBT Package
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The IGBT package is enclosed in the air volume of dimension (44 *40*30) mm to
develop a forced air convection environment. The IGBT package with the extracted air volume is
shown in the Figure 20.

Extracted
air volume

Figure 20: IGBT Package with Extracted Air Volume

4.4 Selection of Mesh Model
In this study, two mesh models are created to study and compare the consistency of the
output values.

4.4.1 Mesh 1 – Trimmer and Surface Remesher
For the first mesh model, trimmer and surface remesher are selected as mesh models.
•

Base size of IGBT package = 0.5 mm

•

Base size of extracted air volume = 1 mm

•

Number of cells = 1916062

•

Number of Faces = 5445442

•

Number of Vertices = 2536262
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The generated volume mesh is shown in Figure 21.

Figure 21: Mesh 1 – Trimmer and Surface Remesher

4.4.2 Mesh 1 – Tetragonal and Surface Remesher
For the second mesh model, tetragonal and surface remesher are selected as mesh
models.
•

Base size of IGBT package = 0.5 mm

•

Base size of extracted air volume = 1 mm

•

Number of cells = 9858651
The generated volume mesh is shown in Figure 22. There is no significant difference in

the output values of the two-mesh model, but the convergence of the trimmer-surface remesher
model (mesh 1) is much faster than the tetragonal-surface remesher model (mesh 2). In this
research, the trimmer-surface remesher model is used for initiating all the computational
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simulations due to its faster convergence when compared with tetragonal-surface remesher
model.

Figure 22: Mesh 2 – Tetragonal and Surface Remesher

4.5 Boundary Conditions
The boundary conditions for the IGBT package with an extracted volume of air is shown
in Figure 23.
•

The heat flux is generated at the IGBT-DBC and Diode-DBC interfaces which is
transferred to the heat sink.

•

Forced air convection at the rate of 5 m/s flows over the IGBT package to carry away the
heat from heat sink.
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•

The exposed surfaces of base plate, thermal interface material, and heat sink are
subjected to convective boundary condition.

•

The exposed surfaces of IGBT, diode, and DBC layers are adiabatic.

•

Ambient temperature = 300 K.

Flow split outlet

Velocity inlet
= 5 m/s

Convection
Adiabatic

Φq = 50 W/cm2

Φq = 40 W/cm2

Figure 23: Boundary conditions for the IGBT Package with Extracted Volume

4.6 Flow Pattern of Air over IGBT Package
Round pin fin with standard specification is used as the heat sink for the IGBT package. The
round pin heat sink is independent to the direction of air flow when compared with the other heat
sinks where the air flow should be in parallel direction.
The flow pattern of incoming air (v = 5 m/s) around the IGBT package is shown in Figures
24 and 25.
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Figure 24: Top View of IGBT Package Air Flow Pattern

Figure 25: Front View of IGBT Package Air Flow Pattern

CHAPTER 5
RESULTS AND DISCUSSIONS
5.1 Overview of Results
Initially, the steady-state thermal analysis is performed to evaluate the maximum
capability of the two matrix materials (thermal grease and epoxy) as thermal interface material
with zero filler fraction in reducing the junction temperature of the IGBT package.
The efficiency of the IGBT-diode system will be reduced at higher operating
temperatures. In-addition, the semiconductor materials are subjected to premature wear and
failure with increase in temperature above 373 K. Both the matrix materials can keep the
junction temperature below 373 K when the heat fluxes of IGBT and diode are at 40 W/cm2 and
35 W/cm2, but the junction temperature rises above 373 K when the heat fluxes of IGBT and
diode increases to 50 W/cm2 and 40 W/cm2.
The value of effective thermal conductivity calculated using Maxwell model for filler
fraction ranging from 10 % to 25 % and percolation model for filler fraction ranging from 30 %
to 50 % are used as the thermal conductivity values of boron arsenide-thermal grease and boron
arsenide epoxy-based composite thermal interface materials (Table 13).
To reduce the junction temperature of the IGBT package, the boron arsenide-based
composite thermal interface materials are used in place of base matrix materials and the analysis
is performed with the existing boundary conditions.
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Table 13: Variation of Thermal Conductivity with Filler Fraction - Case 1 and Case 2
Percentage of

Case 1: “AOS Non-Silicone

Case 2: “EP21TCHT-1”

Filler (%)

XT-3” Thermal Grease

Epoxy

0
10
20
25
30
40
50

0.7
0.93
1.23
1.40
2.35
6.09
22.66

1.44
1.92
2.52
2.8
4.74
12.41
43.93

The junction temperature of the IGBT package is reduced from 382.02 K to 361.75 K
when 40 % of boron arsenide filler fraction is added to the “AOS Non-Silicone XT-3 Thermal
Grease” matrix.
The junction temperature of the IGBT package is reduced from 379.58 K to 361.29 K
when 40 % of boron arsenide filler fraction is added to the “EP21TCHT-1 Epoxy” matrix.
With zero percent filler fraction of boron arsenide, the performance of EP21TCHT-1
Epoxy is better than the performance of AOS Non-Silicone XT-3 thermal grease in reducing the
junction temperature of IGBT package.
With 40 % percent filler fraction of boron arsenide in the matrix, the performance of
BAs- EP21TCHT-1 Epoxy matches with the performance of BAs-AOS Non-Silicone XT-3
thermal grease in reducing the junction temperature of IGBT package.
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5.2 Comparison of Computational Simulation Results
5.2.1 AOS Non-Silicone XT-3 Thermal Grease – Case 1 (Figure 26)
•

Heat flux at IGBT interface= 40 W/cm2

•

Heat flux at diode interface = 35 W/cm2

•

Thermal conductivity of TIM = 0.7 W/m.K

•

Thickness of TIM = 50 microns

•

The maximum junction temperature is found to be 366.56 K which will prevent the
premature wear and failure of IGBT-diode system (Figure 26 and 27).

Figure 26: Temperature Scene of IGBT Package (AOS Non-Silicone XT-3– Case 1)
The flow of heat towards the heat sink and the heat spreading characteristics across the
layers of IGBT package can be seen from Figure 28. Even though the thermal grease can
maintain the junction temperature below 373 K at lower heat fluxes, the junction temperature
exists up to the third layer of DBC.
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Figure 27: Temperature Scene of IGBT Midplane (AOS Non-Silicone XT-3– Case 1)

Figure 28: Temperature Scene across Different Layers (AOS Non-Silicone XT-3- Case 1)
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The temperature distribution across the vertical line probe can be seen from Figure 29
and 30. There is a temperature difference of 9.85 K across the thickness of TIM.

Figure 29: Temperature Scene of IGBT Line Probe (AOS Non-Silicone XT-3– Case 1)

Figure 30: Temperature Distribution of IGBT Line Probe (AOS Non-Silicone XT-3– Case 1)
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5.2.2 AOS Non-Silicone XT-3 Thermal Grease – Case 2 (Figure 31)
•

Heat flux at IGBT interface= 50 W/cm2

•

Heat flux at diode interface = 40 W/cm2

•

Thermal conductivity of TIM = 0.7 W/m.K

•

Thickness of TIM = 50 microns
With an increase in heat fluxes of IGBT-diode system, the maximum junction

temperature is found to be 382.02 K which will cause the premature wear and failure of
IGBT-diode system in a short duration of time (Figure 31 and 32).

Figure 31: Temperature Scene of IGBT Package (AOS Non-Silicone XT-3– Case 2)
The flow of heat towards the heat sink and the heat spreading characteristics across the
layers of IGBT package can be seen from Figure 33. The thermal grease is unable to maintain the
junction temperature below 373 K at higher heat fluxes, the junction temperature exists up to the
third layer of DBC.

57

Figure 32: Temperature Scene of IGBT Midplane (AOS Non-Silicone XT-3– Case 2)

Figure 33: Temperature Scene across Different Layers (AOS Non-Silicone XT-3– Case 2)
The temperature distribution across the vertical line probe can be seen from the above
scalar scenes. There is a temperature difference of 12 K across the thickness of TIM (Figure 34
and 35).
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Figure 34: Temperature Scene of IGBT Line Probe (AOS Non-Silicone XT-3– Case 2)

Figure 35: Temperature Distribution of IGBT Line Probe (AOS Non-Silicone XT-3– Case 2)
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5.2.3 EP21TCHT-1 Epoxy – Case 1 (Figure 36)
•

Heat flux at IGBT interface= 40 W/cm2

•

Heat flux at diode interface = 35 W/cm2

•

Thermal conductivity of TIM = 1.44 W/m.K

•

Thickness of TIM = 50 microns
The maximum junction temperature is found to be 364.23 K which will prevent the

premature wear and failure of IGBT-diode system (Figure 36 and 37).

Figure 36: Temperature Scene of IGBT Package (EP21TCHT-1 Epoxy – Case 1)
The flow of heat towards the heat sink and the heat spreading characteristics across the
layers of IGBT package can be seen from Figure 38. Even though, the epoxy resin can maintain
the junction temperature below 373 K at lower heat fluxes, the junction temperature exists up to
the third layer of DBC.
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Figure 37: Temperature Scene of IGBT Midplane (EP21TCHT-1 Epoxy – Case 1)

Figure 38: Temperature Scene across Different Layers (EP21TCHT-1 Epoxy – Case 1)
The temperature distribution across the vertical line probe can be seen from the above
scalar scenes. There is a temperature difference of 7.25 K across the thickness of TIM (Figure 39
and 40).
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Figure 39: Temperature Scene of IGBT Line Probe (EP21TCHT-1 Epoxy – Case 1)

Figure 40: Temperature Distribution of IGBT Line Probe (EP21TCHT-1 Epoxy – Case 1)
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5.2.4 EP21TCHT-1 Epoxy – Case 2 (Figure 41)
•

Heat flux at IGBT interface= 50 W/cm2

•

Heat flux at diode interface = 40 W/cm2

•

Thermal conductivity of TIM = 1.44 W/m.K

•

Thickness of TIM = 50 microns
With an increase in heat fluxes of IGBT-diode system, the maximum junction

temperature is found to be 379.58 K which will cause the premature wear and failure of
IGBT-diode system in a short duration of time (Figure 41 and 42).

Figure 41: Temperature Scene of IGBT Package (EP21TCHT-1 Epoxy – Case 2)
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Figure 42: Temperature Scene of IGBT Midplane (EP21TCHT-1 Epoxy – Case 2)
The flow of heat towards the heat sink and the heat spreading characteristics across the
layers of IGBT package can be seen from Figure 43. The epoxy resin is unable to maintain the
junction temperature below 373 K at higher heat fluxes, the junction temperature exists up to the
third layer of DBC.

Figure 43: Temperature Scene across Different Layers (EP21TCHT-1 Epoxy – Case 2)
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The temperature distribution across the vertical line probe can be seen from the above
scalar scenes. There is a temperature difference of 9.1 K across the thickness of TIM (Figure 44
and 45).

Figure 44: Temperature Scene of IGBT Line Probe (EP21TCHT-1 Epoxy – Case 2)

Figure 45: Temperature Distribution of IGBT Line Probe (EP21TCHT-1 Epoxy – Case 2)
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From the case 1 and case 2 of the two matrix materials, the junction temperature of the
IGBT package is above 373 K for higher heat fluxes. From the vertical line probe scalar scene, it
can be seen that the temperature difference across the thickness of TIM is increasing for case 2
when compared to case 1. This is due to insufficient heat transfer capability of the two base
matrix materials as a thermal interface material at higher heat fluxes of IGBT-diode system. The
temperature difference (ΔT) across the thickness of TIM in IGBT vertical line probe is shown in
the Table 14 and Figure 46.
Table 14: Temperature Difference (ΔT) Across the Thickness of TIM in IGBT Vertical Line
Probe

Matrix Material
AOS Non-Silicone XT-3
EP21TCHT-1 Epoxy

Temperature Difference (ΔT) Across the Thickness
of TIM in IGBT Vertical Line Probe
Case 1
Case 2
9.85
12
7.25
9.1

Temperature Difference
(ΔT)

Temperature Difference (ΔT) Across the Thickness of TIM
in IGBT Vertical Line Probe
15
10
5
0
Case 1

Case 2

Case
AOS Non-Silicone XT-3

EP21TCHT-1 Epoxy

Figure 46: Temperature Difference (ΔT) Across the Thickness of TIM in IGBT Vertical Line
Probe
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5.2.5 AOS Non-Silicone XT-3 Thermal Grease – 40 % BAs (Figure 47)
•

Heat flux at IGBT interface= 50 W/cm2

•

Heat flux at diode interface = 40 W/cm2

•

Thermal conductivity of TIM = 6.09 W/m.K

•

Thickness of TIM = 50 microns
With the increase in heat fluxes of IGBT-diode system similar to case 2, the maximum

junction temperature is found to be 361.75 K which will prevent the premature wear and
failure of IGBT-diode system. The junction temperature difference is about 20.27 K while
using AOS Non-Silicone XT-3 with 40 % filler fraction of boron arsenide in place of AOS
Non-Silicone XT-3 with zero filler fraction (Figure 47 and 48).

Figure 47: Temperature Scene of IGBT Package (AOS Non-Silicone XT-3 – 40 % BAs)
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Figure 48: Temperature Scene of IGBT Midplane (AOS Non-Silicone XT-3 – 40 % BAs)
The flow of heat towards the heat sink and the heat spreading characteristics across the
layers of IGBT package can be seen from Figure 49. Even though, the thermal grease can
maintain the junction temperature below 373 K at lower heat fluxes, the junction temperature
exists up to the second layer of DBC.
The temperature distribution across the vertical line probe can be seen from the above
scalar scenes. There is a temperature difference of 6.5 K across the thickness of TIM (Figure 50
and 51).
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Figure 49: Temperature Scene across Different Layers (AOS Non-Silicone XT-3– 40 % BAs)

Figure 50: Temperature Scene of IGBT Line Probe (AOS Non-Silicone XT-3– 40 % BAs)

69

Figure 51: Temperature Distribution of IGBT Line Probe (AOS Non-Silicone XT-3- 40 % BAs)
5.2.6 EP21TCHT-1 Epoxy – 40 %BAs (Figure 52)
•

Heat flux at IGBT interface= 50 W/cm2

•

Heat flux at diode interface = 40 W/cm2

•

Thermal conductivity of TIM = 12.41 W/m.K

•

Thickness of TIM = 50 microns

With the increase in heat fluxes of IGBT-diode system similar to case 2, the maximum
junction temperature is found to be 361.79 K which will prevent the premature wear and
failure of IGBT-diode system. The junction temperature difference is about 17.79 K while
using EP21TCHT-1 Epoxy with 40 % filler fraction of boron arsenide in place of
EP21TCHT-1 Epoxy with zero filler fraction (Figure 52 and 53).
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Figure 52: Temperature Scene of IGBT Package (EP21TCHT-1 Epoxy – 40 % BAs)

Figure 53: Temperature Scene of IGBT Midplane (EP21TCHT-1 Epoxy – 40 % BAs)
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The flow of heat towards the heat sink and the heat spreading characteristics across the
layers of IGBT package can be seen from Figure 54. Even though, the thermal grease can
maintain the junction temperature below 373 K at lower heat fluxes, the junction temperature
exists up to the second layer of DBC.

Figure 54: Temperature Scene across Different Layers (EP21TCHT-1 Epoxy – 40 % BAs)
The temperature distribution across the vertical line probe can be seen from the above
scalar scenes. There is a temperature difference of 6.2 K across the thickness of TIM (Figure 55
and 56).
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Figure 55: Temperature Scene of IGBT Line Probe (EP21TCHT-1 Epoxy – 40 % BAs)

Figure 56: Temperature Distribution of IGBT Line Probe (EP21TCHT-1 Epoxy - 40 % BAs)

CHAPTER 6
CONCLUSION
6.1 Summary
When compared with the respective base matrix materials, the performance of AOS NonSilicone XT-3 thermal grease with 40 % filler fraction of boron arsenide is better than
EP21TCHT-1 Epoxy with 40 % filler fraction of boron arsenide in terms of temperature
difference (ΔT) across the thickness of TIM in IGBT vertical line probe.
The variation in the performance of AOS Non-Silicone XT-3 – BAs-based thermal
interface materials is shown by comparing the temperature difference across thickness of TIM
and junction temperature of IGBT package for base AOS Non-Silicone XT-3 and AOS NonSilicone XT-3 – 40% BAs (Table 15).
Table 15: Comparison of AOS Non-Silicone XT-3 and AOS Non-Silicone XT-3 – 40% BAs

Temperature Difference (ΔT)
Across the Thickness of TIM
in IGBT Vertical Line Probe
Junction Temperature

AOS Non-Silicone XT-3

AOS Non-Silicone XT-3 –
40% BAs

12

6.5

382.02

361.75

The variation in the performance of EP21TCHT-1 Epoxy – BAs-based thermal interface
materials is shown by comparing the temperature difference across thickness of TIM and
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junction temperature of IGBT package for base EP21TCHT-1 Epoxy and EP21TCHT-1 Epoxy –
40% BAs (Table 16).
Table 16: Comparison of EP21TCHT-1 Epoxy and EP21TCHT-1 Epoxy – 40% BAs

Temperature Difference
(ΔT) Across the Thickness
of TIM in IGBT Vertical
Line Probe
Junction Temperature

EP21TCHT-1 Epoxy

EP21TCHT-1 Epoxy –
40% BAs

9.1

6.2

379.58

361.29

6.2 Future Work
•

Computational simulation will be performed for varying bond line thickness to study the
effect of bulk thermal resistance on effective thermal conductivity.

•

A number of BAs-based composite samples will be produced and the experimental
evaluation will be carried out using ASTM D 5470 test method to find the effective
thermal conductivity.
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